Obesity is characterized by low-grade chronic inflammation and is closely associated with the cardiovascular diseases, diabetes, and nonalcoholic fatty liver disease. Emerging data demonstrate that the gut microbiota contributes to the development of obesity by regulating the innate immune system, including the Toll-like receptors (TLRs): an altered gut microbiota composition and elevated TLR ligands are observed in obese mice and humans. The changes in the gut microbiota include an increased abundance of Firmicutes phylum and a decreased abundance of Bacteroidetes phylum. The population of beneficial bacteria that function as probiotics is decreased whereas harmful bacteria that can produce lipopolysaccharide, a TLR4 ligand, are increased in the obese state. In addition, the gut permeability is increased in obesity, which allows the delivery of larger amounts of bacterial components to the liver through the portal vein. Immune cells recognize these bacterial components through TLRs and produce diverse cytokines that kill invading pathogens. However, the sustained activation of TLR signaling induces host damage due to chronic exposure to harmful cytokines, which are produced from TLR expressing cells, including monocytes/macrophages. In the obese state, the expression of TLR is increased in several organs, including the adipose tissue and the liver. At the cell level, negative regulators of TLR signaling are suppressed, leading to activation of TLR signaling. These alterations promote inflammation in many organs. Thus, the gut microbiota and TLR signaling are therapeutic targets in patients with obesity and its related diseases. Here, we review the role of gut microbiota, the TLRs, and the downstream molecules in the development of obesity and NAFLD.
INTRODUCTION
Obesity is characterized by low-grade chronic inflammation. More than 600 million people suffer from obesity and its related diseases in the world, and the pandemic has spread to younger generation including children.
1 Obesity can cause various life-threatening diseases, including cardiovascular diseases, diabetes, and nonalcoholic fatty liver disease (NAFLD). Although an appropriate nutritional intake and exercise are recommended to prevent excessive body weight, this "21st century issues" has not yet been conquered. Thus, new approaches are required to reduce the risk of obesity-related diseases.
The innate immune system is closely associated with the development of obesity. In the innate immune system, Toll-like receptors (TLRs) are pattern recognition receptors that sense bacterial and viral components. 2 In addition, nutritional factors such as free fatty acids and host-derived substances have been reported as TLR ligands. 3 These TLR ligands are elevated in obese subjects and TLR signaling is activated at the cell level, leading to an increased production of proinflammatory cytokines. The gut microbiota has attracted a great deal of attention in relation to the development of obesity and its related diseases because it is the major source of TLR ligands. 4 Thus, the alteration of the gut microbiota composition impairs the host immune response. Recent technological advances have provided further information on the molecular mecha-nisms of obesity, particular in the field of the gut microbiota and TLR signaling.
Here, we review the role of gut microbiota, the TLRs, and the downstream molecules in the development of obesity and NAFLD.
The composition of gut microbiota in obesity and NAFLD
In the last two decades, the role of gut microbiota has attracted much attention in the development of obesity and NAFLD. Gut microbiota assists in the energy intake by digesting complex carbo-
hydrates. In addition, the gut microbiota contributes to obesity by regulating the innate immune system including TLR signaling.
Thus, researchers have extensively investigated the composition of the gut microbiota and tried to identify the specific bacteria that cause obesity and NAFLD (Table 1) . The Firmicutes and Bacteroidetes phyla are major components of the gut microbiota, followed by the Proteobacteria and Actinobacteria phyla. In 2005, Ley et al. 5 reported that an increased Firmicutes/Bacteroidetes (F/B) ratio was associated with obesity in a genetically-modified mouse. Indeed, germ-free mice gained body weight after the transplantation of cecal contents harvested from obese mice. 6 Subsequently, an increased F/B ratio has been revealed in diet-induced obese mice 7 and patients with obesity. 8 These data demonstrate that the composition of the gut microbiota is closely associated with the development of obesity. Thereafter, Hildebrandt et al. demonstrated that a high fat (HF) diet increased the F/B ratio in genetically lean mice. 7 Consistent with their report, we have shown that an increased F/B ratio is also observed in mice fed a methionine-choline-deficient (MCD) diet that lose body weight. 9 These data indicate the F/B ratio is affected not only by the obese condition but also by the dietary composition.
The abundance of the Proteobacteria and Actinobacteria phyla were increased in mice on a HF diet. 7 The Proteobacteria phylum includes lipopolysaccharide (LPS)-producing bacteria, including
Escherichia coli and Desulfovibrio vulgaris. On the other hand, the Actinobacteria phylum includes Bifidobacterium, which is used as probiotics. Thus, the balance between "good" and "bad" bacteria is important in the development of obesity.
Because an imbalance of the gut microbiota is likely to induce obesity, various attempts have been made to control the gut microbiota in order to improve obesity. Gut sterilization by antibiotic treatment has been used to find the target bacteria. The administration of ampicillin and neomycin improved HF-diet-induced insulin resistance in mice. 10 The administration of vancomycin and baci- Germ-free mice require higher caloric intake to gain body weight in comparison to conventionally reared mice, probably due to the lack of fermentation in the gut. When the gut microbiota from conventionally reared mice were transplanted into the germ-free mice, they rapidly gained body fat. 13 Thus, mice on a HF diet can use SCFAs as energy in addition to the high calories from dietary fat.
On the other hand, the abundance of the Lactobacilales order is increased in mice on a HF diet. 9, 14 The Lactobacilales order includes lactate-producing bacteria, which are used for probiotics. In addition, the supplementation of probiotics provides beneficial effects in obesity and NAFLD. 15, 16 A high-concentration probiotic mixture cin. 19 In addition, the administration of prebiotics retained the abundance of A. muciniphila and provided beneficial effects on the metabolic profiles. 18 These data suggest that A. muciniphila has a potential to play important roles in the pathogenesis of obesity.
MCD and choline-deficient amino acid-defined (CDAA) diets
We herein describe the diets that are used in experimental nonal- Velayudham et al. 21 reported that the administration of VSL#3 ameliorated the liver fibrosis in MCD diet-induced steatohepatitis.
CDAA diets induce steatohepatitis, including steatosis, inflammation, liver fibrosis, and obesity, which mimic human NASH.
Thus, we have used a CDAA diet as a NASH model. 22, 23 We also compared the CDAA diet to other experimental diets and found that the CDAA diet induced the most severe steatohepatitis among the diets we examined. As expected, the composition of the gut microbiota was largely different among experimental diets. 9 In wild type (WT) mice on the CDAA diet, the abundance of Lactobacillus was decreased whereas the abundance of Clostridium in the Firmicutes phylum was increased. Clostridium is well known to ferment indigestible carbohydrates to generate SCFAs. Although the alteration of the gut microbiota is known to evoke different immune responses, few reports have shown that an altered immune response in the gut affects the severity of NASH. We showed that a CDAA ; thus, attention should be paid to the nutritional contents of the diets and the data should be carefully interpreted.
TLRs in obesity
TLRs are pattern recognition receptors that sense viral and bac- 
TLR2 and its associated TLRs
TLR2 recognizes the components of Gram-positive bacteria including peptidoglycan and lipoteichoic acid. Because the abundance of the Firmicutes phylum which includes Gram-positive bacteria is increased in the gut of obese animals and humans 8, 25 , circulating TLR2 ligands are presumed to be elevated under obese conditions. In addition, many types of cells, including macrophages and adipocytes, increase the expression of TLR2. 26 Leptin, which is elevated under obese conditions, further upregulates the expression of TLR2 in human monocytes and enhances the TLR2 response to bacterial components. 27 The production of proinflammatory cytokines that is triggered by TLR2 ligands can induce cellular injury and subsequent obesity and insulin resistance. Indeed, TLR2 deficient mice are protected from HF diet-induced obesity. 28 Thus, TLR2 signaling is considered to promote the progression of obesity.
In line with former studies, we have shown that TLR2 deficient mice were protected from CDAA diet-induced obesity and steatohepatitis. 23 In that process, the inflammasomes in hepatic macrophages were activated through TLR2. In contrast, Rivera et al. 29 reported that TLR2 deficient mice were not protected from steatohepatitis when the mice were fed a MCD diet. When mice were fed a MCD diet, they lose body weight and show enhanced insulin sensitivity, opposite to the characteristics of NASH. These findings TLR, toll-like receptor; MyD88, myeloid differentiation factor 88; TRIF, toll-interleukin 1 receptor domain-containing adapter-inducing interferon-β; IRF3, interferon regulatory factor-3; NF-κB, nuclear factor-κB. prompted us to examine the composition of the gut microbiota in mice. We found that a MCD diet increased the amount of bacteria belonging to Proteobacteria phylum, which includes LPS-producing bacteria. 9 In in vitro experiments, a larger amount of ligands is required to activate TLR2 signaling while cells can respond to LPS, a TLR4 ligand, at low concentrations. 30 Because TLR4 was highly susceptible to LPS in TLR2 deficient mice on a MCD diet, LPS may have activated TLR4 before the activation of TLR2 signaling in these mice.
We also showed that the abundance of Lactobacillus, component of probiotics, was decreased in mice on a MCD diet. 9 Indeed, the administration of probiotics ameliorated the steatohepatitis and liver fibrosis induced by the MCD diet. 20, 21 Thus, probiotics have the potential to improve obesity and NASH. One question arises as to whether probiotics can be a source of TLR2 ligands because Lactobacillus belongs to the Firmicutes phylum (Table 1) . Recently, Zhang et al. 31 reported a mechanism by which probiotics protect against obesity and NASH through TLR2. They demonstrated that exopolysaccharides (EPS) isolated from Lactobacillus rhamnosus GG ameliorated the obesity and hepatic steatosis induced by a HF diet.
Interestingly, EPS also induced the expression of TLR2 but not the expression of other TLRs in the AT and adipocytes. In addition, TLR2 signaling unexpectedly inhibited the lipid accumulation in the adipocytes. Furthermore, the blockade of TLR2 signaling abrogated the EPS-mediated gene expression. These data contrast to those of previous reports, which suggested that TLR2 signaling promotes obesity and NASH. TLR2 is a unique TLR that forms heterodimers with TLR1 or TLR6. In patients with obesity-related NASH, the expression of TLR6 was increased in the peripheral blood mononuclear cells and in the liver. The expression of TLR6 was also correlated with the levels of proinflammatory cytokines. 32 Indeed, peripheral blood mononuclear cells produced higher amounts of proinflammatory cytokines when the cells were stimulated with a combination of TLR2 and TLR6 agonists. The expression of TLR1 was also increased in the AT and the atherosclerotic aortae of diet-induced obese mice. 33 These data suggest that a TLR2 heterodimer with TLR6 or TLR1 promotes the inflammatory pathway. In contrast, the TLR2 homodimer mediates beneficial effect of Lactobacillus rhamnosus GG. 31 Thus, TLR2 homodimer and heterodimer may have distinct functions in obesity and NASH.
TLR4
TLR4 senses the components of Gram-negative bacteria, including LPS. In addition, TLR4 has been reported to recognize free fatty acids. In this section, we mainly focus on the role of gut-derived LPS. Similar to TLR2, TLR4 signaling leads to the production of proinflammatory cytokines, including TNFα, IL-1, and IL-6. As expected, TLR4 deficient mice are protected from diet-induced obesity by a decrease in the levels of these proinflammatory cytokines.
The total number of Gram-negative bacteria in the gut is not always increased in obesity. However, the plasma LPS levels are elevated in mice on a HF diet. 34 In addition, the circulating LPS levels are elevated in patients with metabolic syndrome and NAFLD. 35 Increased gut permeability accounts for the elevation of the plasma LPS levels due to the impaired barrier function. 34 In mice on a HF diet, the expression of tight junction proteins, including zonula occludens-1 (ZO-1) and occludin, were decreased in the small intestine. 10 As a result, the gut leaks bacterial components, which stimulate TLR expressing cells. In fact, the sterilization of the gut microbiota restored the tight junction proteins, which subsequently normalized the plasma LPS levels. 10 Probiotics treatment can maintain the tight junction proteins in mouse models of obesity. 36 These data suggest that normal gut flora regulates the permeability and prevents the leaks of bacterial components, which can promote the development of obesity.
As a mechanism of the enhanced TLR4 signaling under obese conditions, the expression of TLR4 is increased in the muscle 37 , the visceral fat tissue 38 , and the liver 39 . Monocytes/macrophages contribute to the expression of TLR4 in these organs. 40 shifting of macrophages from the M1 to the M2 phenotype and the subsequent improvement of steatohepatitis. These data demonstrate that the macrophage phenotype is closely associated with the development of obesity and can be revered in response to the surrounding environment. At the intracellular level, TLR4 signaling is activated through the low expression of microRNAs 43 and negative regulators. 44 For instance, the levels of microRNA-181a, which can inhibit TLR4 signaling, were lower in monocytes isolated from subjects with metabolic syndrome. 43 In contrast, the expression of the microRNA was restored by body weight loss. The expression of activating transcription factor 3, a negative regulator of TLR4 signaling, was decreased under obese conditions. 44 Thus, TLR4 signaling is accelerated under obese conditions.
TLR4 is associated with AT fibrosis, a recently emerged concept that is involved in the development of metabolic syndrome. AT fibrosis restricts the expansion of adipocytes, leading to adipocyte dysfunction as well as ectopic fat accumulation. Vila et al. 45 showed that there was a close association between metabolic syndrome and AT fibrosis in patients with obesity. They also investigated the detailed mechanisms using TLR4 mutant mice. A HF diet induced AT fibrosis in WT mice, while TLR4 mutant mice developed a lower grade of fibrosis. As a result, TLR4 mutant mice were protected from obesity and insulin resistance. In addition, a TLR4 inhibitor prevented AT fibrosis while the administration of TLR4 ligand LPS promoted fibrosis by producing transforming growth factor-β1 (TGF-β1), a potent fibrogenic factor. These data revealed that LPS promotes obesity through AT fibrosis. In this model, immune cells including macrophages produced fibrogenic factors through TLR4. Interestingly, the infiltrating macrophages that promoted AT fibrosis showed an M2 or M2-like phenotype, which exert anti-inflammatory effects. This finding is in contrast to most previous reports, which suggested that M1-type macrophages were recruited into the AT when mice were fed a HF diet. Vila et al. 45 used C3H background mice, which are prone to AT fibrosis. In C3H mice, a HF diet induced fibrosis in the AT but not in the liver, suggesting that AT and hepatic macrophages may have different responses to a HF diet. In the commonly used C57BL6 background mice, a weak infiltration of macrophage was observed in the AT and the development of AT fibrosis occurred as a late-onset event with a moderate elevation of fibrogenic factors. It is well known that macrophages can secrete both fibrogenic factors 46 and anti-fibrogenic factors. 47 Although TLR4 signaling is associated with the macrophage phenotype, further investigations are necessary to better understand how TLR4 affects the macrophage phenotypes.
Although the effects of TLR4 on immune cells has been extensively investigated, Jia et al. 48 focused on the TLR4 signaling in hepatocytes and found that hepatocyte-specific TLR4 deficient mice were protected from obesity and insulin resistance. Until this report was published, the role of TLR4 signaling in hepatocytes was underestimated. Hepatocyte-specific TLR4 deficient mice on a HF diet exhibited an interesting phenotype: inflammatory cell infiltration was suppressed in both the liver and the AT, even though the mice exhibit comparable levels of obesity to WT mice. As a result, the expression of inflammatory genes was decreased in hepatocytespecific TLR4 deficient mice. These data suggest that hepatocytes produce chemokines that recruit inflammatory cells in the liver and AT through TLR4 signaling. They also demonstrated that macrophage-specific TLR4 deficient mice were not protected from obesity or the insulin resistance induced by a HF diet. The phenotype of macrophage-specific TLR4 deficient mice was in sharp contrast to previous reports, which stated that the expression of TLR4 on macrophages contributes to the development of inflammation.
These data raise the question as to whether the expression of TLR4 on macrophages contributes to inflammation or anti-inflammation. In macrophage-specific TLR4 deficient mice, compensated cytokine production from other immune cells elevated proinflammatory cytokine levels. These data demonstrate that the expression of TLR4 on macrophages also contributes to inflammation by regulating other cells. Thus, TLR4 on macrophages is crucial to triggering inflammation.
MyD88 and TRIF
TLR4 is the only TLR that uses both MyD88 and TRIF, as adaptor proteins. The other TLRs use either MyD88 or TRIF (Fig.   1 ). These adaptor proteins are also molecular targets of obesity.
MyD88 is well characterized as a classical inflammatory cascade that induces various proinflammatory cytokines, including TNFα, IL-1, and IL-6. MyD88 deficient mice are protected from atherosclerosis in ApoE deficient mice 49 and in CDAA-induced steatohepatitis and obesity.
showed an increased risk of diabetes even though the levels of TNFα, a key player to induce insulin resistance, were decreased. 50 Because MyD88 is ubiquitously expressed in many cell types, the role of MyD88 may differ among cells. For instance, MyD88 deletion in the central nervous system 51 and intestinal epithelial cells 52 was protected from HF diet-induced obesity. In contrast, hepatocyte-specific MyD88 depletion resulted in an impaired glucose metabolism. 53 Since IL-1 and IL-18 also use MyD88 signaling, these cytokines may participate in the development of obesity. Indeed, we have reported that IL-1 receptor deficient mice were protected from steatohepatitis. 22 As described previously, hepatocyte-specific TLR4 deficient mice but not hepatocyte-specific MyD88 deficient mice were protected from the insulin resistance induced by a HF diet, suggesting the possibility that the TLR4-TRIF pathway in hepatocytes promotes insulin resistance. In line with former reports, TRIF deficient mice were protected from the insulin resistance induced by lard feeding. 54 However the mice showed an opposite phenotype when they were fed a CDAA diet. 55 To clarify the role of TRIF at the cell level, we isolated hepatocytes, Kupffer cells, and hepatic stellate cell from the WT and TRIF deficient liver and examined chemokine expression in response to LPS. The response to LPS varies among cells. 55 Collectively, the roles of MyD88 and TRIF are complex and the function of these adaptor proteins depend on the organ or cells.
TLR5 and TLR9
TLR5 recognizes bacterial flagellin and transmits the signal through MyD88. The intestinal mucosa expresses TLR5 and contributes to the host defense in the gut. The first report on TLR5 deficient mice had a strong impact on the development of obesity and insulin resistance, in which the composition of the gut microbiota was dramatically altered. 56 However, TLR5 deficient mice in another animal facility, which were referred to as TLR5KO-2 mice, did not reproduce similar phenotypes to the initially reported TLR5 deficient mice, which were referred to as TLR5KO-1 mice. 57 In addition, the composition of the gut microbiota was similar between WT and TLR5KO-2 mice but largely different between TLR5KO-1 and TLR5KO-2 mice. These data indicate that environmental factors are involved in the activation of TLR5.
TLR9 senses viral and bacterial DNA and transmits the signal through MyD88. In addition, DNAs from the injured nucleus and mitochondria can activate TLR9. We have reported that bacterial DNA could be detected in CDAA-fed mice and TLR9 deficient mice were protected from CDAA diet-induced obesity and steatohepatitis 22 , indicating that TLR9 also participates in the development of obesity and NASH. Besides bacterial DNA, nucleic acids can promote TLR9 signaling. Adipocytes and hepatocytes release micro-particles that contain nucleic acids, including microRNA and mitochondrial DNA, under excessive stress. The micro-particles released from adipocytes were increased in mice on a HF diet whereas the clearance of micro-particles was reduced. 58 As a result, micro-particles containing TLR9 ligands stimulate TLR9 in the immune cells and induce inflammation in the AT. Garcia-Martinez et al. 59 reported that mitochondrial DNA released from hepatocytes serves as a TLR9 ligand and promotes steatohepatitis. They demonstrated that the mitochondrial DNA levels were elevated in obese patients with abnormal liver function tests. Although TLR9 signaling could induce the anti-inflammatory genes related to interferon regulatory factor 7-dependent pathway, mitochondrial DNA stimulated the inflammatory pathway but not the anti-inflammatory pathway. They also demonstrated that a TLR7/9 antagonist was effective for improving NASH. These data indicate that TLR9 signaling is also a target of treatments for obesity and NASH.
CONCLUSION
Recently, the role of the gut microbiota has received a great deal of attention in the development of obesity and its related diseases.
However, we should pay attention to environmental factors in mice as well as humans. In animal facilities, gene-modified mice were often bred separately for long periods of time, which might have led to the formation of a distinct gut microbiota composition. 60 In addition, there are often marked differences in the environmental factors of different countries and the differences can even be observed within the same country. However, it is a fact that the gut microbiota and host-derived factors contribute to the development of obesity and NAFLD as TLR ligands. The activation of TLR signaling induces proinflammatory cytokines, which damage the host beyond the defense against invading pathogens. Currently, probiotics and several TLR antagonists have shown favorable results in the treatment of obesity and its related diseases including NAFLD.
Thus, the gut microbiota and TLR signaling represent a molecular target for treatment to improve obesity and NAFLD.
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